The control of neuronal protein homeostasis or proteostasis is tightly regulated both spatially and temporally, assuring accurate and integrated responses to external or intrinsic stimuli. Local or autonomous responses in dendritic and axonal compartments are crucial to sustain function during development, physiology and in response to damage or disease. Axons are responsible for generating and propagating electrical impulses in neurons, and the establishment and maintenance of their molecular composition are subject to extreme constraints exerted by length and size. Proteins that require the secretory pathway, such as receptors, transporters, ion channels or cell adhesion molecules, are fundamental for axonal function, but whether axons regulate their abundance autonomously and how they achieve this is not clear. Evidence supports the role of three complementary mechanisms to maintain proteostasis of these axonal proteins, namely vesicular transport, local translation and trafficking and transfer from supporting cells.
| INTRODUCTION
Neurons are highly specialized cells that generate and conduct electrical impulses in the nervous system. They have evolved a large and morphologically complex architecture composed of somatodendritic and axonal compartments. 1 Axons constitute long and thin tubular projections that generate action potentials within a highly organized microdomain near the soma, the axon initial segment (AIS), and propagate them to another specialized microdomain, the axonal terminal. In the axon terminal, action potentials trigger the release of neurotransmitters that act on specific receptors at the postsynaptic site to produce postsynaptic potentials.
Vertebrate axons may be classified as myelinated or non-myelinated depending on whether they contain or not a myelin sheath that increases conduction velocity. Myelinated axons harbor another highly organized microdomain called the node of Ranvier. At the axonal plasma membrane, nodes of Ranvier and the AIS are enriched in ion channels, transporters and adhesion molecules. The generation, maintenance and modification of these microdomains constitute central challenges for the biosynthetic, sorting and targeting machineries of the neuron. 2 Axons may extend from a few microns to meters in mammals.
For example, the longest human axons in the sciatic nerve reach around 1 meter. 3 Giraffes contain approximately 5 m axons in their left recurrent laryngeal nerve that emerges from the vagus nerve and innervates the larynx after looping under the aortic arch, and in the largest living mammal, the blue whale, axons may potentially reach 30 m. 4 On average, the total surface area of axons is thousands of times greater than the somatodendritic compartment. 4 Thus, the some axonal microdomains that localize at considerable distances from the cell body need to respond, at least under certain conditions, rapidly to external or internal cues. Therefore, a fundamental question in neurobiology is how is the axonal proteome maintained during development, plasticity and in response to damage or diseases.
Protein homeostasis or proteostasis is the set of mechanisms that balance the biogenesis, folding, trafficking and degradation of functional proteins to sustain cellular physiology and adapt to stimuli. 5 Proteostasis control is the target of intrinsic and environmental signals, and may be lost after damage or during disease. 6 Neurons display a conserved network of mechanisms to maintain proteostasis. 7 At least theoretically, axonal proteostasis may be controlled by a number of mechanisms that combine global and local phenomena:
(1) synthesis and transport of components from the cell body, (2) local translation, processing and trafficking and (3) transfer of material from supporting cells. These mechanisms may be complemented, in addition, by quality control, protein stability and timely degradation.
The experimental evidence supporting each one of these mechanisms
is not equivalent and their relative contribution to maintain the proteome in axonal microdomains is still a matter of debate.
Proteins that utilize the secretory pathway are most likely controlled by all these mechanisms, but limited information is available regarding local translation and trafficking or the contribution of supporting cells. Indeed, whereas the targeting of transmembrane components to the axon by post-Golgi vesicular transport has been extensively studied (reviewed in Ref. 8) , only a few reports support the role of local axonal biosynthesis, trafficking and their plasma membrane insertion. Likewise, only a handful of findings shed light on glial cell transfer of mRNAs, ribosomes and organelles that play a crucial role in maintaining proteostasis in axonal microdomains. 9 Additionally, the local disposal of transmembrane proteins through distinct processes of degradation is emerging as a relevant focus of investigation, both in response to external cues during development and in pathologies where proteostasis is lost, but their contribution to regulate the axonal proteome locally has not been addressed.
In this article, we review the mechanisms that maintain axonal proteostasis, focusing on transmembrane proteins. First, we provide a brief overview of the mechanisms of vesicular transport in the axon. We then describe emerging evidence supporting local biosynthesis, processing and trafficking of secreted and transmembrane proteins. We also evaluate the role of translation-coupled degradation and elimination of locally synthesized components, and analyze recent advances in regulatory signals and cues that act during development and repair to control axonal translation and sustain axonal proteostasis. Finally, we describe the more speculative role of supporting cells in the supply of axonal components.
Vesicular post-Golgi transport is considered a global regulatory mechanism controlled by the cell body, whereas local synthesis, degradation or transfer from supporting cells are considered local phenomena. 15 and 16) . This is especially important during the process of polarization and maintenance of distinct neuronal domains. We will briefly define the three general mechanisms to achieve specificity in the targeting of axonal proteins via vesicular transport.
| AN OVERVIEW OF POST-GOLGI VESICULAR TRANSPORT IN THE AXON
Barriers. At the plasma membrane, the major barrier between the axonal and somatodendritic domains lies at the AIS, a highly organized surface region of the proximal axon containing high density of voltage-gated ion channels that are crucial for action potential initiation. 15 The assembly and maintenance of the AIS is defined by an ankyrin-spectrin scaffolding complex that demarcates the identity and function of this microdomain. The main components of the AIS are ankyrin G (AnkG) and β-IV spectrin. Knockdown of AnkG and β-IV spectrin in fully polarized neurons disassembles the AIS and results in loss of proximal axon identity. 17 As expected, multiple transmembrane proteins are laterally constrained by the AIS. 18 Indeed, AnkG and β-IV spectrin at the AIS and node of Ranvier set up a diffusional barrier for transmembrane proteins including ion channels and adhesion molecules. 15 The barrier capacity of the AIS has also been revealed by super resolution microscopy, where 190-nm-spaced actin rings control the motion of GPI-anchored molecules at the plasma membrane.
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Filters. The AIS also encompasses a filter that produces the segregation of somatic and axonal intracellular components. In fact, disruption of the actin cytoskeleton or knock down of AnkG impairs the AIS filter capacity, allowing entry of large somatodendritic vesicles to axons. 20 A mechanism that includes the dynein regulator NDEL1 controls the transport of cargo at the AIS through the interaction with AnkG. 21 However, the roles of other filter components are still under scrutiny and how molecular motors establish selectivity for organelles or vesicles is not completely understood. play a key role in the anterograde axonal transport and also in degradation of these channels.
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The roles of direct vesicular transport and molecular motors in axonal targeting have been extensively investigated for many other cargo, and constitute a fundamental mechanism to maintain proteostasis in the axonal compartment during development, plasticity and regeneration. In the next section we will consider an indirect form of anterograde transport that is also key for the targeting of axonal proteins.
| Indirect vesicular transport to axons
Another strategy to target transmembrane proteins to the axonal compartment is by transcytosis, an indirect trafficking modality that depends on initial exocytosis in the somatodendritic compartment and subsequent endocytosis and transport to the axonal compartment via endocytic vesicles. 
| LOCAL PROTEIN SYNTHESIS AND TRAFFICKING IN THE AXON
Another mechanism to control the axonal proteome is based on local synthesis. Biologically relevant axonal translation requires localized presence of mRNAs, the synthetic machinery, including regulatory elements and functional effects of locally produced proteins.
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Thousands of axonally localized mRNAs have been described in invertebrates such as the squid and Aplysia, and in vertebrates such as Xenopus, chicken and mammals. [44] [45] [46] [47] [48] mRNAs are transported via their association with RNA binding proteins in ribonuclear particles.
The cis-acting elements that mediate the transport of mRNAs to axons, or more simply their axonal enrichment, are localized in the 3 0 -untranslated region (UTR), 5 0 -UTR or coding regions. 47 Nevertheless, evidence for general consensus motifs that mediate axonal targeting is still scarce. Several small consensus sequences along any mRNA region have been identified for splice variants enriched in axons, although it is not clear if they work as binding motifs for RNA binding proteins. 49 One of the best examples of mRNA localization is β-actin due to the zip code motif. A GFP reporter containing the 3 0 -UTR of β-actin localizes to axons in the PNS, whereas γ-actin, which lacks this zip code motif, does not, demonstrating that the 3 0 -UTR is sufficient for axonal targeting. 50 The distribution of ribosomes in axons has been controversial for decades, principally because of difficulties in technical approaches.
Multiple studies have described the presence of ribosomes in PNS and CNS axons using conventional electron microscopy (EM), immuno-EM or fluorescent dyes. [51] [52] [53] [54] Although it still remains a topic of discussion, these reveal restricted RNA-containing domains with single ribosomes or polyribosomes. These domains, or periaxoplasmic plaques, are thought to be translational active and contribute to local synthesis in mature myelinated axons. 55 More recently, this evidence has been supported by super resolution microscopy in mammalian neurons in culture and in vivo. 56 Furthermore, several ribosomal subunits and regulators have been described in axons including L4, L29, L17, Y10B, 4EBP, eIF5 and S6. 44 Finally, more conspicuous ribosomes are present in developing axons and growth cones, and the number of axonal ribosomes increases after injury in mature axons. 55 A large number of mechanisms to control translation have been described in eukaryotes, including ribosome density, activity of tRNAs, regulation of translation factors by phosphorylation and assembly, and silencing by RNA interference (RNAi) (reviewed in Ref.
57). Here we will focus on phosphorylation of translation initiator factors (eIFs) and the RNAi machinery, because they have been elF2 and its three subunits (α, β and γ) form a ternary complex with guanosine-5 0 -triphosphate (GTP) and the initiator Met-tRNA. 61 The latter complex binds the 40S ribosomal subunit to form the 43S preinitiation complex. The cap-binding complex eIF4F recruits the 43S preinitiation complex and forms the 48S initiation complex, which starts scanning the transcript from the 5 0 -UTR to the 3 0 -end to locate the initiation codon. 61 At the initiation codon, elF2 hydrolyses GTP to guanosine diphosphate (GDP), and recruits the 60S ribosomal subunit resulting in the formation of the 80S ribosomal complex and the dissociation of eIFs from the mRNA. Phosphorylation of the α subunit of elF2 acts as a dominant negative of the function of its GEF (eIF2B), thus reducing complex formation and inhibiting translation. 62 elF2α
has been detected in axons and may control translation. 63 The precise mechanism of how elF2α shuts down general protein synthesis and the impact on axon proteostasis have not been addressed. However, release of intracellular calcium increases elF2α phosphorylation and enhances translation of calreticulin, an ER chaperone. 64 Translation of a subset of mRNAs that contain an upstream reading frame (uORF) in their 5 0 -UTR region is triggered by phosphorylation of elF2α. 62 One of these mRNAs is ATF4 that is translated in dendritic spines and inhibits long-term potentiation (LTP) in the con- response to stimuli such as guidance cues and growth factors. [69] [70] [71] [72] [73] For example, local synthesis of β-actin contributes to maintain the axonal structure and is crucial for regeneration. 69 Additionally, inhibition of local protein synthesis decreases mitochondrial membrane potential in cultured sympathetic neurons, suggesting that locally synthesized mitochondrial proteins are critical to maintain axonal metabolism. 74 Together, these observations strongly support the role of local synthesis in axonal physiology and repair. Of note, transcripts for transmembrane proteins are more abundant than those for transcription factors, whose translation in vivo has been well documented. Interestingly, highly represented mRNAs encoding transmembrane proteins include CAMs and ion channels.
Additionally, guidance receptor mRNAs such as ROBO1/2 and signaling receptors such as CRIM1 are also found in axons (Table 1) .
No RER has been detected in axons. Likewise, ER-associated ribosomes or classical polysomes have been difficult to document. This argument has been put forward to suggest that no translation or low levels of synthesis of transmembrane proteins takes place in axons. Nevertheless, sparse ER-associated ribosomes may be difficult to distinguish from cytoskeletal elements such as neurofilaments. Additionally, due to the relative large volume of axons, sparse ER-associated ribosomes may be enough to account for functionality in vivo. [51] [52] [53] 55 In any case, more evidence needs to be produced regarding ER-associated ribosomes to fully support the activity of the biosynthetic machinery for secretory proteins.
It is currently not known whether the translational regulatory mechanisms described above also operate in axons for proteins that use the secretory pathway. However, biosynthetic processes of soluble and secreted proteins employ the same translation factors and are susceptible to RNAi silencing, suggesting that no major additional components are required to justify axonal translation of secretory proteins.
Components of secretory organelles, although non-classical in ultrastructure, and chaperones have been described in axons. [81] [82] [83] More precisely, the axonal distribution of the transmembrane translation machinery and secretory pathway-associated components such as signal recognition particle 54 (SRP54), translocon-associated protein α (TRAPα), ribophorin II, protein disulfide-isomerase (PDI), FIGURE 1 Relative representation of functional categories in axonal transcripts. Classification of data from five transcriptomic analyses (Refs. [44] [45] [46] 78, 79) into functional categories to reveal their relative representation of axonal mRNAs. A, Bars in the graph represent the average percentage of all identified transcripts from each category relative to the total number of classified genes (encompassing nearly 75% of the total gene list). Each category is represented by a different color. B, Pie charts depict the relative representation of axonal transcript categories in each study using the same color code. Genes were classified with online software provided by AmiGO2/Panther and then manually cured by consulting Uniprot database. 80 Selection criteria for protein classes were as follows: Mitochondria, proteins that comprise part of this organelle;
Ribosome, proteins that comprise part of the ribosome; Cytoskeleton, major or core constituents of the cytoskeleton found in the cytoplasm of eukaryotic cells; Transmembrane, proteins that harbor at least one or more transmembrane domains; Hydrolase, enzymes catalyzing hydrolysis of a variety of bonds, such as esters, glycosides, or peptides; Enzyme modulator, proteins that modulate the activity of a select group of an enzyme such as kinases, phosphatases, protease, and Of note, ALCAM is synthesized and targeted to the plasma membrane in axonal growth cones, and is essential for the formation of axon bundles in mammalian neurons. 90 Upon activation of ALCAM by homophilic interactions between the growth cone and other axons, the extracellular-regulated kinase (ERK) and the mTOR pathway are activated to start translation, locally increasing ALCAM in growth cones. 90 The levels of these proteins are precisely controlled to allow elongation and turning. Indeed, the same pathway stops rapid synthesis at a later stage and allows navigation of the axon.
Changes in abundance may also be controlled by internalization without affecting local synthesis, as ALCAM is ubiquitinated, clathrindependently internalized and delivered to the degradation pathway. 90 Thus, the coupling of local synthesis and degradation seems to be crucial for axon bundle formation and navigation. 90, 91 High levels of ubiquitination were reported in growth cones and local signaling events promote coupling of ubiquitination to timely degradation of newly synthesized proteins. 91 These are clear examples of the physiological relevance of local proteostasis during development. It is interesting to mention that no axonal targeting sequences have been identified in ALCAM. Thus, it seems that axonal translation confers residence specificity. 90 For other family members like DSCAM, stimulation with netrin 1 produces a noticeable increase of the protein in the axonal growth cone that depends on local translation. 92 However, a continuous restock of proteins derived from somatic synthesis and transport is observed under basal conditions, revealing different organization strategies to maintain proteostasis of highly dynamic adhesion proteins during development.
mRNAs for other CAMs, such as NCAM1 and L1CAM, have also been found in growth cones, but to date their local translation has not been demonstrated. 79 Delivery of L1CAM to axons by transcytosis and vesicular transport may dominate at certain stages of development. 16 Degradation of L1CAM by the endosomal pathway occurs in growth cones indicating that local removal also contributes to axonal proteostasis. 16 However, the presence of L1CAM transcripts in axons suggests that local translation may play a role under specific conditions such as injury or inflammation. Therefore, a potential balance between local synthesis and degradation that integrates with vesicular transport from the soma may be essential for proper growth cone navigation in response to the guidance cues during development. 91 Thus, accumulated evidence demonstrates that axons contain mRNAs encoding transmembrane proteins, including ion channels and adhesion molecules, and the translation and secretory machineries for local biosynthesis and processing ( Figure 2) . Additionally, the role of the axonally translated secreted proteome in the physiology of mature axons is beginning to emerge. These observations support a different and complementary mechanism to vesicular transport for the control of membrane proteostasis. Critically, direct proof of delivery of locally synthesized transmembrane proteins to specific microdomains in vivo is still lacking. Likewise, the underlying basic cell biology, including the description of local regulatory mechanisms, remains for the most part an enigma. In addition, how these mechanisms influence neuronal development, growth and maintenance, and what is their importance relative to vesicular transport remain to be determined.
| Translational control of transmembrane proteins in response to extrinsic cues
Neuronal survival is a highly regulated process dependent on targetderived trophic factors that promote signaling from the somatodendritic compartment to the axon and from the axon terminal to the soma. As the surface of growing axons increases dramatically during development and regeneration, an active supply of lipids and proteins is required. Extrinsic cues during these stages elicit adaptive responses that impinge on axonal proteostasis.
Rapid axonal adaptation in response to external cues is dependent on local protein synthesis. 72, 91 NGF, the first trophic factor described, supports the survival of cultured peripheral sympathetic neurons by regulating the axonal translation of inositol monophosphatase 1 (IMPA1), which mediates survival signaling to the nucleus. 93 Other examples include the transcription factor cAMP responsive element-binding proteins (CREB) that are axonally synthesized in response to NGF in mammalian PNS sensory neurons. 94 In cultured retinal axons of Xenopus the trophic factor engrailed 1 (en1)
promotes the local synthesis of lamin B2, a component of the nuclear lamina that localizes to axonal mitochondria, favoring axonal maintenance. 95 Pharmacological inhibition of protein synthesis abolishes the capacity of stimulated growth and response to guidance signaling in desomatized axons. These guidance cues include netrin 1, semaphorin 3A, SLIT2, engrailed 1 and 2, NGF, brain derived neurotrophic factor FIGURE 2 Compilation of components that contribute to local synthesis and trafficking of transmembrane proteins in axons. Boxes contain the collection of (1) components of the ER, (2) ER-plasma membrane components identified in PNS or CNS axons in multiple studies, (3) translational machinery and (4) mRNAs encoding for transmembrane protein classes.
(BDNF) and neurotrophin 3 (NT3) (reviewed in Ref. 73 ). As we briefly discussed above, trophic factor gradients generate rapid activation of the mTOR pathway in growth cones that ultimately causes phosphorylation of eIF4E and enhances protein translation. 96 Although the basal growth of axons seems to be somewhat independent of axonal translation, stimulation with NGF and netrin 1 generate axonal growth that depends on local protein synthesis. 72, 96 One of the targets of the NGF signaling cascade is proteinase-activated receptor 3 (PAR3), a component that is required for cytoskeletal dynamics.
Additionally, local synthesis of actin in growing axons is a requirement for remodeling of growth cones in response to external stimuli, pointing to a key role of external cues in regulating cytoskeletal dynamics through local translation. 
| Nerve injury and local translation of transmembrane proteins
Global and local biosynthetic machineries may be employed not only during axonal guidance and pathfinding, but also in mature nerves after damage and regeneration. A three-step process requiring distinct membrane trafficking events can be proposed to drive nerve regeneration ing from the injury site to the cell body increase the intrinsic growth capacity of injured neurons to promote successful regeneration. Third, membrane trafficking and cargo delivery contribute to membrane expansion during axonal re-growth and elongation. 100 Transformation of a transected axonal tip into a growth cone is a critical step in the cascade leading to neuronal regeneration. 101 These processes entail a considerable change in the proteome.
Secretory vesicles accumulate at the proximal site of axonal damage and may arise from continuous axonal transport from the cell body. They provide necessary components for repair and contribute to the formation of the new growth cone during regeneration. activity is upregulated at the site of the lesion. 107 Blocking mRNA translation in severed axons inhibits the elongation and generation of new growth cones in culture. 107 In PNS sensory neurons, nerve injury generates a signaling cascade of retrograde events that activates the transcription of genes related with axonal survival and regeneration. 108 Additionally, local synthesis of transcription factors, like CREB or STAT3, operate at the sites of injury. 94 Likewise, the abundance of a GFP reporter harboring β-actin 3 0 -UTR, which is translated locally in axons, is modified during regeneration. 50 Regarding transmembrane proteins, mRNAs for ion channels like Na V 1. It is also well accepted that nerve injury is a potent stimulus to reorganize secretory organelles. 63 
| THE ROLE OF SUPPORTING CELLS IN AXONAL PROTEOSTASIS
Axonal biosynthesis and local trafficking constitute plausible mechanisms to develop unique niches not represented elsewhere in the neuron. However, decelerated degeneration of severed axons in the slow Wallerian degeneration mouse strain (Wlds), in which transport of proteins and even mRNAs is eliminated, suggests that transcellular exchange also plays a significant role in axon maintenance. 114 So, a speculative scenario emerges in which axonal transport may disperse essential, relatively stable components produced globally in the soma, that integrate into local machineries generated by axonal synthesis and/or transcellular exchange that confer them with functionality.
Physical association between cell types generates complex cellcell interactions that provide a rich variety of signaling possibilities control adhesive, metabolic and polarity modifications leading to changes in cell physiology. 115 In the PNS, an intimate and reciprocal relationship exists between axons and Schwann cells, highly secretory cells responsible for generating the myelin sheet that surrounds and insulates the axon, regulating axon caliber and trophic support for maintenance and regeneration. 116 Thus, it is not surprising to find material transfer from the surrounding glial cells to the axon. Moreover, vesicles containing ribosome-like particles distribute at the axon-myelin interface. 119 Additionally, an increase in ribosomes in desomatized axons compared to their intact counterparts was reported in Wlds mice. 120 Importantly, a Schwann cell fluorescent L4 ribosome reporter protein, which labels newly assembled tagged polyribosomes, was transferred to the axoplasm of injured Wlds and wild type sciatic nerve axons. 114 Using confocal and EM approaches, periaxonal-derived ribosomes were shown to accumulate first in the Schwann cell cytoplasm, which protrudes and invaginates into the axon, and subsequently detaches giving rise to vesicles that rupture and release ribosomes into the axoplasm. 114 Intriguingly, cells may also transfer larger structures whose function is only emerging, such as polysomes and the initiation and elongation machinery. 121 providing support for the role of transmembrane proteins in transcellular exchange. 123 However, additional evidence is required to clarify the potential role of exosomes in the control of axonal proteostasis and in particular the transmembrane proteome.
| CONCLUSIONS AND PERSPECTIVES
In summary, accumulated observations suggest that the regulation of the axonal proteome is a complex phenomenon that likely involves a combination of transport, local biosynthesis and transcellular supply from supporting cells. Therefore, the neuron may be considered a system in which global and local phenomena interact to sustain function. Their precise mechanisms of action and their specificity for subsets of proteins, that may depend on developmental, activity or regeneration scenarios, are increasing our understanding of the cell biology of the axon.
Secreted and transmembrane proteins account for at least one third of the total proteome in secretory cells. 124 In neurons, this rate should be quite similar and fluctuates relative to the physiological state of the cell, which is commanded by intrinsic and extrinsic cues. 125 Regarding axonal synthesis and local trafficking of proteins that require the secretory route, several issues remain to be proteins. 126 These observations indicate that while dendritic proteins may be conventionally modified at the ER, they may lack Golgi modifications suggesting partial or complete by-pass of this organelle en route to the plasma membrane. 126 It is still unknown whether the Solving these questions will help us understand the relative biological contribution of axonal transport, local translation and transcellular exchange during physiological or pathological scenarios and it is likely to provide strategies to target specific components during development, plasticity or to improve repair after nerve damage or disease.
